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SUMMARY

The pressure-recovery characteristics of a model having two scoops
situated on the aft portion of a long forebody and connected through
diffusors to a common settling chamber were determined at Mach numbers
between 1.36 and 2.0l and Reynolds mumbers (based upon the length of the
model ahead of the inlets) between 2.6 and 3.4 million. The boundary
layer present on the forebody of the model ahead of the main scoops was
removed by means of boundary—layer suctlion scoops. Total pressure and
mass flow in the main and boundary—layer ducts were measured in tests in
which the approach to the inlets and the model angle of attack were
varied, The effects of interaction between the flow in the two air—
induction systems and of varying the mass flow through the boundary-layer
scoops were studled. '

At Mach numbers less than 1.8, it was found that, by properly
designing the approach to the inlets and neglecting the energy expended
in boundary-layer removal, total-pressure recovery within 0.00 of that of
nose inlets could be maintained over a large range of mass—flow ratios.
By full—-scale extrapolation of the data, it was estimated that the energy
required for removal of the boundary layer was equivalent to a loss In
total pressure of approximately 0.0k of the.measured recovery in the
main scoops. The total—pressure ratio was found to decrease with
increasing positive angles of attack. An improvement in the pressure
recovery occurred at angle of attack when the forebody was drooped with
respect to the duct inlets.

INTRODUCTION

In reference 1 it was found that the total-pressure recovery
obtained with scoop inlets compared favorably with that obtained with
nose inlets over a relatlvely large range of mass—flow ratio and up to
free—gtream Mach numbers of about 1.70. The results indicated that
improved pressure recovery depended primsrily upon boundary—layer—control
megsures designed both to remove low—energy alr from the ducts and to
prevent premature separation of the boundary layer ahead of the scoops.
In the models tested, the boundary layer was diverted through slots in
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the scoop side walls immediately behind the inlet and contiguous to the
model forebody. From these results, it appeared reasonable to assume
that boundary-layer control by means of slots could be replasced by
guction scoops and that equally high pressure recovery would result. The
lstter method of removing the boundary layer possibly would have advan—
tages of arrangement, reduced external drag, and reduced effects of
boundary—layer shock-~wave interactlion shead of the inlets.

It 1s the purpose pf the present report to describe tests of a
specific configuration which employed boundary—layer control by means of
suction scoops and to investigate modificetions in the model designed to
Improve the maximm pressure recovery. No study was made of the external
drag contributed by the inlets. In selecting an optimum inlet design,
this important varlable would have to be considered further.

SYMBOLS
A area, square inches
H total pressure, pounds per square foot
M Mach number
m rate of mass flow, pounds per second
R Reynolds number
o angle of attack, degrees
3] boundary—-layer thickness, Inches
ﬁg/Ho ratio of the average total pressurg___ t position 2 to the free—

stream total pressure [ﬁz/ﬂc= % (H2/Ho)p, AAn:l ,
where n refers to aresa divisioﬁ; and tube locations

('ﬁz/Ho)e equivalent total—pressure ratio at position 2, the difference
between H2/H° and the energy expended in boundary—layer
removal

my /mg ratio of the mass flow entering the main scoops to that which
would flow through a tube of the same inlet area in the
free stream ) '

m, /m0 ratio of the mass flow entering the boundary-layer scoops to
that which would flow through s tube of the same inlet area
in the free gtream
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The following subscripts indicate the position at which the quan—
tities were measured (fig. 1):

o) free streanm
1 entrance to main scoop
2 survey position immediately downstream of main—scoop entrance

8 settling chamber
4 entrance to boundary-layer scoops

5 survey station in boundary-layer removal duct

APPARATUS AND MODELS

The tests were performed in the Ames 8- by 8—inch supersonic wind
tunnel at Mach numbers between 1.36 and 2.01 and Reynolds numbers, based
upon the length of the model ahead of the inlets (3.93% in.), of 2.6 to
3.4 million. Flow through the boundary-layer removal ducts was exhausted
to the aetmosphere through a vacuum pump, A description of the equipment
and wind tunnel can be found in references 2 and 3.

The model (see figs. 1 and 2) was built to simulate the forward
portion of the fuselage and the ducts of a possible supersonic airplane
designed to £ly in the speed range up to a Mach number of 2.0. In
designing the scoops two variables were compromised: First, to supply
efficiently the air consumed by engines capable of driving the sairplane
at these speeds, large inlet areas would be required below a Mach number
of about 0.5, and small asreas would be required in the supersonic range;
and, second, large leading—edge radil would be desirable to prevent the
flow from stalling on the inside surface of the lips at subsonic speeds,
and sharp leading edges would be desirable to decrease the wave drag at
supersonic speeds. These situations were compromised by choosing the
inlet area large enough so that a normal shock wave would form shead of
the inlet at all supersonic speeds. Thus, by choosing the inlet sreas
sufficiently large, auxiliary inlets would be unnecessary in the subsonic
range. Furthermore, large leading—edge radil would be permissible since
the flow behind the normal shock wave always would be subsonic. At
supersonic speeds, the large inlet area would result in spilling of the
air around the inlets at the expense, of course, of increased external
drag.

Conical subsonic diffusors commonly used at low speeds bave s severe
adverse pressure gradient near their entrance when operated at high inlet
Mach numbers. It was assumed that decreasing thils gradient would reduce
the tendency toward separation of the boundary layer; hence the internal
shape of the main ducts was designed to bave a constant static—pressure
gradient from the inlet to a station spproximately 20 percent of the

il ONF TDEN’
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diffusor length aft of the inlet, Downstream of this point the cross—
sectional areas of each duct were adjusted to arrive at the cross section
of the common settling chamber,

The model dimensgions are glven In figure 1, and a photograph of the
model tested is shown in figure 2. The model forebody was roughly tri—
angular in cross section, and the scoops were located aft of the pilot
enclosure in a position to utilize the oblique shock waves originating
from the enclosure for external compression of the air stream., Aft of
the main inlets, the extermal shape of the model was faired to adapt it
to a cylindrical settling chamber.

The original design, hereafter designated configuration A, and five
modifications to this design were tested, In configurations B, C, and D
the model contours in the critical region near the entrance to the scoops
were modified as shown in the line drawings of figure 3. In configura—
tiong E and F, the contours in the vicinity of the inlet were idemtical
to those of configuration D; however, the model forebody was drooped
wlth respect to the duct inlets. As noted in figure 1, the model with
the forebody incidence reduced 2° is designated configuration E and that
reduced 6° is configuration F.

TESTS

In genersl, an analysis of the performance of the duct inlet design
tested 1s concerned with e study of the following six variables: total— '
Pressure recovery, free—-stream Mach number, mass flow through the main
gcoops, mass flow through the boundary—lasyer scoops, angle of attack, and
the inletts contribution to the external drag. In the present tests the
last variable was neglected, and the total-pressure recovery was chosen
as the dependent variable., Thus, the performance of the model was
studied by investigating the total-preassure recovery as a function of the
remaining four varliables.

Variation in the mass flow into the main scoops was obtained by
changing the position of the plug at the rear of the settling chamber
(fig. 1). The total-preesure ratio across the exit plug was sufficient
to maintain a sonic throat at the minimum ares at all times. This fact,
together with the known stagnation temperature ahd measurements of the
average total pressure In the settling chamber, allowed the rate of mass
flow through the scoops to be calculsted (reference 1).

Variation in the flow into the boundary-layer scoops was obtained
by means of a valve in the line leading to the vecuum pump. The total
pregswre recovered in the boundary—layer scoops was measured by a pltot
tube located at position 5 as shown in figure 1. The rate of mass flow
through the boundary-—layer scoops was determined by measuring the total .
pressure at the center and static pressure at the wall of a 3/4—1nch -

pipe located outside the tunnel and by assuming a velocity profile corre—
gponding to that for fully develored turbulent flow. 3Because 1t was

Liply: ‘!.ll!‘
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imposgible to simulate full—scale ducting in the suction system with a
model of this scale, more precise measurements of these quantities were
not made. These data are probably most valuable for their qualitative
significance,

Measurements of the total pressure in the settling chamber were
made at three equally spaced circumferential locations at the position
indicated in figure 1., The area ratio between the total scoop—-entrance
area and the cross—sec¢tional area of the settling chamber was 0.07 which,
for isentropic diffusion from sonic velocity, would correspond to a
settling-chamber Mach number of about 0.0hk. With this degree of diffu—
sion, it was consildered unnecessary to attempt a further survey of the
total pressure other than that afforded by the three pitot tubes. This
assumption was substantiated by the fact that the difference in total
pressure messured by each of the three tubes was within 2 percent of the
average of those tubes at every rate of mass flow.

In order to determine the effect of the subsonic diffusors upon the
velues of total pressure measured in the settling chamber of the model,
the total—pressure distribution at position 2 was obtained. The average
computed Mach number at this position was approximately 0.50 at mass—flow
ratios at which the normal shock wave was shead of the inlets. Measure—
ments of the total pressure were made in both ducts with the model at an
angle of attack of 0°. The measurement locations are shown in figure &,
As indicated in the figure, each location was numbered and the duct cross
section at this position was divided to obtain a welghted average of the
total—pressure measurements. Properly weighted values of Hz/Ho would
have been based upon the mass flow through the area divisions shown in

figure 4. Since measurements of these mess flows were impossible because
of the model scale, the weighted aversges were based upon the areas,

RESULTS AND DISCUSSION

The results will be discussed in two parts. In the first section,
test results at an angle of attack of 0° are discussed. In this section,
model modificaetions designed to improve the pressure recovery throughout
the Mach number range are investigated, and the effects of variations in
the parameters ml/mo and mé/mo upon the total—pressure recovery of
the best configuration are discussed., Also, in this section, the per—
Pormance of thHe best model is analyzed with respect to the total—pressure
distribution within the ducts, interaction between duct systems, and
estimated energy expended in boundary-layer removal. Finally, in the
second section,the effects of variations inangle of attack are treated,
and modifications designed to improve the pressure recovery at angle of
attack are discussed.
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Angle of Attack of 0°

Effect of Mach number on pressure recovery.— Meximm totel-pressure

ratios (Hé/ﬁo)max as a function of the free—stream Mach number are
presented in figure 5 for the four inlet configurations, A, B, C, asnd D,
that were tested at an angle of attack of 0°. From an examination of the
curves in this figure, it is apparent thet the changes 1n the inlet,
ghown in figure 3, improved the pressure recovery. Exemination of
schlieren photographs of the flow about inlet comfiguration A indicated
that an expansion region originating at the leading edge of the boundary—
layer scoop extended. Into the flow immedistely shead of the main inlet.
This expansion was caused by improper alinement of the outer surface of
the boundary-layer lip with the flow on the pllot enclosure., In order
to eliminate this expansion in configuration B, the 1ip of the boundary-—
layer scoop was shaped to form a 59 angle with the surface of the
cockpit enclosure, and the height of the boundary—layer scoop was
Increased to insure complete removal of the boundary layer. With this
modification, the expension ahead of the main scoop wae replaced by an
oblique shock wave and a greater pressure recovery resulted. By further
increasing the angle formed by the outer surface of the boundary-leyer
scoop and the cockpit enclosure in configuration C, this obligue shock
wave was strengthened and the total-pressure recovery was improved.,
However, the pressure recovery at the highest Mach mumber tested was
still the same as that of configuration B. The decrease in pressure
recovery at My equal to 2,0l spparently was caused by the fact that
the intersection of the stronger oblique shoé¢k wave and the normal shock
wave was Inboard of the lip of the scoop. Thus, the air that entered
the scoop near the outer 1lip suffered lerger losses in total pressure
through a strong normal shock wave than was experienced by the ailr that
passed through both an oblique and normal shock wave,

Highest total—pressure recovery was obtained with configuration D.
In figure 3 this configuration is shown to be similar to C, except that
the leading edge of the boundary—lsyer scoop was extended farther ahead
of the main inlet. The purpose of this modlification was to retaln the
oblique shock strength of configuration C and to enable the oblique
shock wave to extend across the inlet at a Mach number of 2.0, Schlieren
photographs and line drawlngs of the shock~wave patterns ahead of the
inlets of this configurstion are shown in figure 6. At a free-stream
Mach number of 2.0 the oblique shock wave from the leading edge of the
boundary—-layer scoop 1s shown to intersect the normal shock wave at a
point slightly outboard of the scoop. Thus, all the air that entered
the inlets underwent compression through the oblique shock wave before
encountering the normal shock wave.

Since the flow in the settling chamber of the model was diffused to
a Mach number much lower than the ususl intake Mach number at the com~
pressor of a turbojet engine, the measured values of (BQ/HO)max

include diffusion losses that would not occur in an airplane.
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The total-pressure surveys at position 2 were made in a section of the
duct where the computed average Mach number was approximately 0.5, and
these meagurements represent more closely the pressure recovery that
would exlst at the compressor intake, The variation of (ﬁz/Ho)

with My for configuration D is shown in figure 5. The losses B total~
pressure ratio between positions 2 and 3 emounted to from 0.015 to 0.030.

Since the nose—type duct inlet is generally accepted, at present, as
8 design in which the highest pressure recovery. can be realized, the
pressure recovery of typical nose inlet models (reference 4) is also
shown in figure 5. A comparison of these results with those of the
present model indicates that, at Mach numbers less than about 1.8, total—
pressure recovery within 0.05 of that of nose inlets was attalned with
the present design, without considering energy expended in removing
boundary—layer air.,

Effect of mess—Flow ratio mj_/mﬂ on pressure recevery.— The veris—

tion of Hg/Ho end Hp/Ho with m;/mo is presented in figure 7 for
configuration D at an angle of attack of 0°. In the range of mass—flow
ratios indicated by the dashed curves, schlieren photographs demonstrated
that the boundary layer ahead of the scoops was separated. The fact that

the total-—pressure ratio Hs/ remsined high at 1.36 Mach number
possibly was caused by a condition in which the losses ahead of the inlet

were compensated for by reduced losses within the subsonic diffusors at
these low mass—flow ratios. Apperently, as the Mach number increased
the energy dissipated in turbulence ahead of the inlet increased and
caused reduced values of Hg/H, noted at the higher Mach numbers.

Maximum velues of Hp/H, occurred at larger mass—flow ratios than
those at which (HB/HO)max was recorded. This difference can be attributed
to the subsonic diffusor efficiency between the twe positions. The attain—
ment of & constant rate of mass flow through the sir—induction system
indicates that supersonic flow into the inlet has been established.

Effect of mass~flow ratic m¢/mo on pressure recovery.— The pre—
viously discussed results were obtained with the maximum rate of flow
through the boundasry—layer scoops. In tests of the model with inlet
configuration D, reductions in the mess of air flowing through the
boundary—layer scoops influenced the recovery of total pressure in the
settling chamber as shown in figure 8., A nearly linear variation of
(Bs /Ho)pax ' With my/mo occurred at free-stream Mach numbers of 1.36 and
1.70. However, for My equal to 2.0l, a reduction In 1:1.4/11:O from the
value at which the flow in the boundary—lsyer duct was choked caused the
main-scoop flow to be unsteady and Hg/Ho to decrease markedly.

For configuration D with choked flow iIn the boundary-layer ducts,
the mess—flow ratio my /mo of the air entering the boundary-layer scoops
end the total—pressure recovery Hs/Ho in the sting are presented in
figure 9 as functions of m;/mg. At mass—flow ratios at which separated
flow occurred shead of the main scoops (see fig. T), the reduced pressure
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recovery and mass flow in the boundary—layer scoops indicate that the
boundary layer separated ahead of the boundary—layer scoops as well, In -
the tests with the maximum rate of flow through the boundsry-leyer ducts,
the pressure in the sting Hs was maintained at the highest value at
which no edverse influence on the main duct system was noted. The rela—
tively low values of Hs/H, can be attributed to pressure losses in the
boundary—layer ducts in addition to the energy dissipated in the boundary
layer slong the model forebody.

Total—-pressure distribution in duct,— The survey of the total
pressure within the duct at position 2 affords & means of estimeting the
asymmetry in the total pressure of the air flow that would be supplied
to a compressor. This factor is important when considering compressor
performance or the repeated stresses likely to be imposed upon the com—
pressor blades, In figure 10, the pressure distribution across the
height and width of one duct is shown for three values of mi/m, and
Mach number. The occurrence of greater asymmetry in the pressure dis—
tribution as the free~stream Mach number was increased possibly was
caused by the greater intensity of the effects of boundary—layer shock—
wave interaction which would result in thickening or separation of the
boundary layer. Total pressures near the floor of the duct were con—
sistently low at all Mach numbers and mass—flow ratlos indicating that,
in the presence of the adverse pressure gradient at the enirance to the
acoops, the boundary layer thickeng rapidly from the leading edge of the
boundary-layer scoop. The maximum varigtion in total—pressure ratio
occurred at a Mach number of 2.01, in which case the difference between
the maximm and minimum pressure recovery was approximately 40 percent
of the average total-pressure recovery at position 2, This variation ir
large, but at full scale a smaller variation could be expected because of
the much greater Reynolds number and reduced viscous effects,

Interaction between duct systems.— An interaction between the
flows in the two main diffusores was manifest in measurements of the total
pressure at position 2, With decreasing values of ml/mo from that at
which separated flow occurred ahead of the inlets, the pressure recovery
at this position in the two ducts diverged about an average value approx—
imately equal to HS/HO. It was impossible t¢ predict the particular
duct passage in which the pressure recovery would diverge above or below
the averasge; however, once the recovery in one side of the induction
system had been established above the average, i1t continued to diverge
in this direction with decreasing values of ml/mo. This result
indicated a possible reversal of flow in one duct at this condltion,

To obgserve the effects upon the pressure recovery and flow stability
of single—duct operation, tests were performed with one duct sealed., The
boundary layer was removed shead of the closed duct in order to reduce
the possibility that this flow would influence the flow in the open duct.
Results of these tests indicated that separation occurred at sbout 10—
percent—lower values of ml/mo and 2-percent—higher total—pressure
ratios Hg/Ho than are shown in figure 7.
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Egtimate of the energy expended in boundary-layer removal.— The
equivalent pressure recovery obtained by subtracting the energy required
for boundary-layer removal from the measured recovery does not provide
a completely adequate criterion for the worth of this system. In con—
sidering a specific application, the advantages of arrangement that may
result from use of side scoops with boundary—layer control, possible uses .
of the boundary—layer air such a&s in engine coollng, and the results of
a8 detailed analysis of the effects of the inlets upon the external drag
would also have to be considered. In order to obtein an indication of
the effective recovery, however, the energy expended in the boundary--
layer scoops was subtracted from the energy recovered in the main scoops
in order to srrive at an equivalent value of the pressure recovery at

position 2, (Hz/Ho)e-.

The tables of reference 5 were used in these calculatione and the
experimental results were applied to full—scale flight at an altitude of
35,000 feet. It was assumed that the energy required to remove the
boundary layer was equal to that necessary to compress isentropically the
mass flow in the boundary—layer scoop m, from the total pressure after
diffusion Hs %o a total pressure H; corresponding to a 50-percent
decrease in the free-stream kinetic energy. The latter assumes a turbu—
lent boundary layer at the entrance to the boundary-layer scoops’and that
the energy contalined in the boundary layer 1s equal to that of the free
stream depleted of 50 percent of its kinetic energy. The results of
calculations making use of the preceding assumptions are shown in
figure 11. Values of (Hp/Hop), were calculated within the range of
mese—flow ratio at which the flow into the scoops of configuration D was
steady. A comparison of these results with the measured pressure
recovery at positlon 2 indicates that the energy required to remove the
boundary layer was equlvalent to & loss in totel pressure 'ﬁg/Ho of
approximately 0,08,

The extension of the data to full scale, however, requires some
consideration of the effect of the model scale, which was taken as 1.k
percent., In estimsting the influence of the model scale, the following
assumptions were made:

1. The boundsry layer at the entrance to the boundary—layer scoops
was turbulent.

2, The boundary—layer thickness on the model and at full scale
varles as

(3/x)model - [(RX)full scale}lls
(8/x)2ull scale (Bx) model

where x 1is a characteristic length., (See reference 6.)
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3. The mass—flow ratio m4/m°, required st full scale to produce
the same pressure recoveries as were recorded in the model tests, was

equal to
5 (m4/m0)§gg§l ——17s
(me/mo) pu11 geale = [(Rx)full scale/(Rx)mode1}t/®

The resulte of applying these assumptions regarding the influence of
the mopdel scale to the previous calculations are also shown in figure 11,
In thlse case the energy required to remove the boundary layer was equive—
1en§ to & decrease in the total pressure ratio ﬁé/Ho of approximately
0.04.

Angle of Attack

Configuration D.~ The varlation of total-pressure recovery with
mass flow 1s shown in figure 12 for configuration D at angle of attack.
An examination of these results indicates that (Hg/Ho)psy decreased

with increasing positive angles of attack, and that the range of mass—
flow ratioe in which large values of Hg/Ho could be maintained was
markedly reduced. The gchlieren photographs of figure 13 indicate that
the thickness of the boundsry layer along the forebody ehead of the
scoop increased as the angle of attack of the model was increased.t

Thus the boundary—leyer scoopse were apparently inadequate in handling
this thicker boundary lsyer. The greaster boundary—layer thickness at
angle of attack may have been caused by a secondary flow in the boundary
layer due to the pressure difference between the upper and lower surfaces
of the forebody. The low values of the total-pressure recovery measured
at position 3 probably are greatly influenced by the presence of this
boundary layer in the subsonic diffusor at angle of attack. In all tegts
of the model at angle of attack, the mass flow in the boumdary-layer
scoops was malntsined at the choked conditiom.

Forebody incidence.— To improve the pressure recovery at angle of
attack the forebody was drooped 2° and 6° with respect to the inlets.
(See fig. 2.) Meximum values of Hg/Ho as functions of Mo are presented
"in figure 14 for configurations E and F at various angles of attack. The
values of (Hg/Ho)pay measured in tests of configuration D are also shown
for purposes of comparison. Improvements in (Hg Eo)max occurred in
tests of E and F; however, the total—pressure recovery at 6° and 9° angle
of attack still was low when compared to that at 0°. In figure 1k,
configuration F at 6° angle of attack did not give the same pressure
recovery as configuration D at 0° angle of attack due to the fact that

1Tn- these photographs the model is both at an angle of attack and side—
s8lip because it was necessary to rotate the model about its lomgltu—
dinal axis in order to photograph the boundary layer on the forebody
ahead of one scoop.
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the models were slightly different. In configuration F,an expansion.

occurs at statlon 2.681 which probably changed the shock—~wave pattern
immediately ahead of the inlest,

The variation of Hg/Ho with m;/m, measured in tests of config—
urations E and F is shown in figures 15 and 16. Comparison of these
results with similar curves of configuration D, shown in figures 7 and
12, indicates that, at an angle of attack of_O° and at a Mach number of
2.01, drooping the forebody of the model improved the range of mass—flow
ratios over which HS/HO was maintained at relatively high values., A

gimilar improvement, but to a lesser degree, can be noted at angle of
attack,

CONCLUSIONS

From tests at Mach numbers between 1.36 and 2.0l and Reynolds
numbers between 2.6 and 3.4 million (based upon the length of the model
ahead of the inlets) of several configurations of a duct—inlet model

having side scoops and employing boundary—layer suction, the following
conclusions are drawn:

1. Tor the best configuration developed in the investigation, it
was found that the arrangement advantages of side scoops can be utilized
with total—pressure recovery within 0.05 of that of nose inlets neglect—

ing the energy expended in boundary—layer removal at free—stream Mach
numbers less than 1.8.

2. The total-~pressure distribution within the ducts was nonuniform,
and the variation increased with free—stream Mach number.

3. The energy expended in removing the boundary layer at full-scale
flight conditions was estimated to be equivalent to a reduction of approx—
imetely 0.0L of the measured total-pressure recovery.

4k, The total-pressure recovery decreased with increasing positive
angles of attack. Drooping the forebody of the model with respect to the
inlets improved the pressure recovery at angle of attack, and the range

of mass—Flow ratios in which high pressure recovery could be maintained
was increassed.

Ames Aeronautical Iaboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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Figure 13.— Schlleren photographs of the flow about the
model with inlet configuration A at Mg=l.70 and various
angles of attack.
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